Abstract-The loading of antennas greatly expands the design space by making otherwise challenging performance goals more easily realizable. It is demonstrated that the pairing of the analytical theory of loop antennas with a powerful global optimizer can achieve designs that offer significant radiation pattern shaping in both the RF and optical regimes.
Antennas have remained an important component of modern wireless communication infrastructure ever since their inception in the late 1800s. More recently, the theories and techniques of antennas have been extended into the optical regime, allowing for applications in biological sensing and energy harvesting [1] . All of these applications can be greatly enhanced by introducing some degree of reconfigurability to the antenna design and operation. The most common way to achieve this behavior is through the use of loading schemes [2] . The main objective of loading is to control an antenna's current distribution in some form, and thus allow for a substantial modification of the antenna's radiation characteristics [2] . As a result, analytically determining the current distribution of a loaded antenna is paramount in achieving insight into the operation of the antenna. An especially promising design that has been considered is the thin wire-loop antenna [3] . A full derivation of the current on a nanoloop antenna valid from the RF to optical regimes was developed by McKinley in 2013 [3] and was later extended to include the effects of loading [4] . Once the current distribution of the loop has been found, the corresponding far-field pattern can be determined using expressions derived by Werner [5] and Lu et al. [6] . The fully analytical nature of the equations describing the current distribution and far-field radiation characteristics make the design of loaded loop antennas an ideal candidate for optimization. Utilizing these analytical expressions removes the requirement to perform much longer simulations based on full-wave solvers such as a method of moments tool. This increase in speed is even more pronounced when computing the currents and far-fields of plasmonic and dispersive materials in the optical regime (i.e., for metallic nanoloop antennas). In this paper, the covariance matrix adaptation evolutionary strategy (CMA-ES) [7, 8] is employed in order to optimize the loading configuration of loop antennas, making a high degree of radiation pattern control possible.
I. THEORETICAL FORMULATION
The geometry of the antenna is designated by loop radius and wire radius , as illustrated in Fig. 1 . In order to satisfy the thin-wire approximation used in these derivations, the dimensions must satisfy the condition that b >> a. In this paper, the thickness factor, defined as Ω = 2 ln(2 / ), will be adopted [4] . Multiple voltage sources and/or impedance loads can be placed around the loop as shown in Fig. 1 .
Expressions for the currents and far-fields of a loaded loop antenna are reproduced below for reference:
(1) (2)
The derivation and description of these equations is further elaborated upon in [11-12].
II. PEC CASE: MOTIVATING EXAMPLE
Due to the fully analytical nature of the expressions in (1)-(3), they may be implemented efficiently within a global optimizer using MATLAB [9] . In this first example, CMA-ES is employed to perform a single objective, four variable study of a PEC loop under a variety of different loading schemes. Physical insight about the dissipative nature of resistors inspired the original design choice of placing a resistor directly opposite the feed point to suppress radiation in the ( , ) = (90°, 180°) direction. This resulted in a mildly directive pattern. Symmetrically spaced capacitors were then added and shown to significantly enhance this directive behavior. This approach was then generalized further by allowing both the locations and impedances of loads to vary around the periphery of the loop in order to optimize the FBR, while maintaining the dissipative resistive load. The loads were modeled using the normalized unit-less parameters r, le, and lu which represent a given load's resistance, capacitance and inductance respectively [4] :
The resulting far-field pattern at = 90° can be seen in Fig. 2 . These analytical results were validated using FEKO [10] .
As seen above, adding the capacitances increases the directivity in the forward direction by as much as 1 dB, while maintaining a low directivity in the backward direction.
III. LOADING APPLIED TO NANOLOOPS
The expressions in (1)- (3) can easily be extended to the optical regime by including dispersive effects [3, 6] . As lumped impedances are not easily available in the optical regime, a first order capacitance model was used to represent the impedances of sections within the loop. This model specifies the area of the capacitor in terms of the angular width of the impedance section. As demonstrated in Fig. 3 , adding capacitive loads to a nanoloop significantly modifies its directivity. Importantly, the energy directed broadside, as evidenced by the presence of a large null, has now been concentrated within the plane of the loop. This results in an enhanced directivity in the = 0° direction.
IV. CONCLUSION
The analytical development of loop antennas, both alone and with loading, has readily made available the potential to perform rapid parametric studies on loops ranging from the RF to the optical regimes. The two examples presented are merely a small sample of what is possible when this analytical theory is combined with the utility of global optimization. 
